Abstract: Thirty bulk samples of hard soils-soft rocks such as marls, originating from Euboea Island and Peloponnesus area, were investigated to evaluate their geotechnical behavior. Specifically, by conducting a series of physical and geotechnical tests, such as liquid limit and plastic limit tests, along with the estimation of the grain size fraction, Slake Durability and Point Load Test. Certain parameters were determined and used for empirical correlations with their mineralogical characteristics. The mineralogical composition was determined by Xray diffraction, thermo-gravimetric and thermal analysis, succeeded by textural analysis performed by Optical Microscope. With the help of the above mentioned tests, we interpreted the observed geotechnical behavior of the examined weak rocks by means of mineralogical composition and texture. Durability and the unconfined compressive strength was found to be influenced by high percentages in carbonate minerals. In addition, it was found that a decrease in clay content resulted in higher strength and durability values. The concluded empirical correlations verified the influence of these parameters and gave a general overview of the engineering behavior of the examined weak rocks.
Introduction
The evaluation of the engineering properties of weak rocks is a matter of interest to geotechnical engineers, geologists and to anyone involved in Earth Science who has to deal with this type of rock. Since weak rocks often form a great portion of the shallow stratums all over the world and also build up the foundation ground of many construction projects, it is important to investigate the rock behaviour of weak rocks; meaning the domain of hard soils * E-mail: gilia@metal.ntua.gr -soft rocks ( [1] [2] [3] ). In addition, to their vast spatial distribution in countries like Greece, weak rocks are subjected to gradual weathering processed due to geological and environmental activities, varying strongly from spontaneous decay to slow degradation in months or years, making it difficult to classify them according to their behaviour ( [4] [5] [6] ). The above process leads apparently to the weakening of their strength parameters and the altering of their physical characteristics, resulting in slope stability problems, embankment failures, and the long-term loss of intact strength which affects the stability of underground constructions, as many studies have presented ( [7] [8] [9] [10] [11] [12] [13] ). Their observed anisotropic geotechnical behaviour is thought to be controlled by many factors, making it dif-ficult to accomplish a full evaluation survey. Especially, with regard to weak rocks such as marls, the physical and mechanical characteristics of these rocks may be quite variable and are controlled by the mineralogy, texture, content and type of the clay minerals, the proportion and distribution of calcium carbonate, the clay-sized content and the degree of compaction etc. ( [14] [15] [16] ). Furthermore, the behaviour of argillaceous clastic rocks is closely related to their petrography ( [3, 17, 18] ). The main objective of the present study is to examine the mechanical, physical and mineralogical properties of rocks that belong to the category of hard soils -soft rocks from Euboea and Peloponnesus regions.
Materials studied and testing methods
The working areas for sampling are located in Kimi and St. Anna, concerning the Euboea Island while the second studied area is the Peloponnesus region, including N.E. Achaia and Corinth respectively ( Figure 1 ). Thirty bulk samples of almost 10 kg of each sedimentary rock were collected and examined for their mineralogical and geotechnical characteristics. The specimens were taken from several sites and the majority of the samples were obtained from fresh excavations, in order to minimize the effect of weathering on the durability and strength values.
The "KIM" samples of the fine grained lacustrine marls of Middle-Upper Miocene age ( [19, 20] ) were sampled at four sites from the Kimi Neogene basin, on the central Euboea island located in the wider Kimi area, while "AGA" samples of Late Miocene age ( [20] [21] [22] ) were extracted from two outcrops in South of St. Anna village. In the Peloponnesus region, "ACH" samples were extracted from Derveni and Marmara Plio-Pleistocene sediments ( [23] ) while two more sites in the South of Corinth Canal were investigated with "COR" samples referring to Plio-Pleistocene sediments ( [7, 24, 25] ), (Table 1 ). The mineralogical composition of the collected samples was then determined by X-ray diffraction (XRD), thermogravimetric (TG-DTG) and differential thermal analysis (DTA). X-ray diffraction patterns were obtained using a Siemens D-5000 diffractometer, with Ni-filtered CuKal radiation (X = 1.5405 ï'·), operating at 40 kV, 30 mA. For Xray Diffraction (XRD) analysis, samples were prepared as non-oriented and oriented mounts. The latter, which consist of <53 urn material, were firstly separated by centrifuging, then placed on a glass slide as a thin layer and allowed to dry at room temperature. Clay fractions were analyzed after glycolation to identify the various clay minerals phases. All samples were analyzed as mentioned above, after removing carbonate minerals, using hydrochloric acid as a pre-treatment, so that the clay minerals would appear more clearly. Thermo-gravimetric (TG/DTG) analysis was obtained simultaneously using a Mettler Toledo 851 instrument. The samples were heated from 20°C to 1200°C at a constant rate of 10°C/min. The carbonate concentration was measured by titration with HCl, in order to estimate the exact presence of carbonate minerals and to confirm the findings of the mineralogical methods. The procedure that was followed included initially making a solution of the weighted material with HCl, infiltration, washing, drying and finally weighing of the material. All forms of carbonics were expressed in CaCO 3 gr/100 gr. The weight of the fraction of constituents was semiquantitatively determined using X-ray Diffraction. By comparing the integrated intensities of the diffraction peaks from each of the known phases, their fraction was identified. In some situations though, it was necessary to prepare calibration standards to obtain the highest accuracy. Polish thin sections were prepared for optical observations in order to identify the mineral composition and texture of the samples. The Slake Durability test was carried out using the standard testing method developed by Franklin and Chandra (1972) [1] , as recommended by the International Society for Rock Mechanics [26] and standardized by the American Testing and Materials [27] . The Slake Durability is an important property for rock materials and rock masses, as it could be used to characterize the susceptibility of such rocks to weathering and provide an overview of their geotechnical behaviour ( [1, 9, [28] [29] [30] [31] [32] [33] ). The Uniaxial Compressive strength was indirectly measured using the Point load test which was developed as an index test, since the samples appeared to be very broken, at least for the UCS testing method. The Point load test is widely used to determine the uniaxial compressive strength indirectly, because of its ease of testing, simplicity of sample preparation and in some case field application ( [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] ). A correlation factor (k) between UCS and PLT strength of 12.5 has been proposed according to Brook (1980) [46] , although, the value of K is disputed by many researchers. According to this test, a Point -Load Strength Index (Is-50) was derived from the test results of the specimens which had the form of irregular lumps. The Atterberg limits of the studied material were determined on oven dried samples as described by Casagrande [47] . Finally, Activity (Ar) was estimated according to Skempton (1953) [48] , with the ratio of the plasticity index to the percentage of clay sized fraction.
Results and discussion

Mineralogical and petrographical analysis
XRD, DTA, TG and DTG analysis
As revealed by the XRD patterns of a representative bulk sample from Euboea region (Kimi area), carbonate minerals prevail in the sample, with aragonite and calcite being the dominant phases ( Figure 2 ). Minor to medium contribution of quartz and clay minerals is also present. After saturation with ethylene glycol in the sample, which was previously pre-treated removing carbonate minerals using hydrochloric acid, the presence of montmorillonite is indicated as its typical peak (100) is shifted from d=∼14 ï'· to lower 20 (d=∼17.4 ï'·) ( Figure 3 ). Small percentages of kaolinite and illite were identified and feldspars were also present. The above mentioned mineralogical composition was confirmed by the results of the thermal study of the samples examined after heating up to 1200°C, at a rate of 10°C/min. More specifically, from the TG and DTG curves of the "KIM1" representative sample ( Figure 4 , Figure 5 ) we conclude that:
• within the temperature range of 100°C to 200°C, the weight loss corresponds to the release of water molecules, which were in the interlayer space of montmorillonite [49] ;
• at the temperature range of 400°C to 500°C, the rapid weight loss (4.32) is documented by the steep slope of the TG curve and a characteristic peak on the DTG curve. This is attributed to the dehydroxylation of the kaolinite, (due to the loss of OH groups, surrounding the A1 V I atoms) and the progressive transformation from the octahedral coordinated Al, in kaolinite, to a tetrahedral coordinated form, in metakaolinite, through the breaking of OH bonds [50] ;
• at temperatures between 600°C to 920°C, the percentage of carbonates was estimated at 82%, which is attributed to the CO 2 emission, according to the chemical reaction:
It's worth mentioning that after titration with HCl, the carbonate concentration was measured as 85%.
The above mentioned procedure was followed for all the samples from the Euboea region ("KIM" corresponds to Kimi areas while "AGA" represents the ones from St. Anna) and the mineralogical composition of the rocks derived from the respective XRD, DTA, TG and DTG patterns, is shown in Table 2 .
As far as the mineralogical composition of the bulk samples from Peloponnesus region (Corinth area) is concerned, the XRD analysis of a representative bulk sample showed that the carbonate minerals prevail in the sample, with calcite being the dominant phase and dolomite to be the next ( Figure 6 ). Minor contribution of quartz and clay minerals is also present. Calcite, dolomite and quartz are identified by their typical peaks. A small percentage of montmorillonite is also indicated by its typical peak (100) which has shifted from d=∼14.5 ï'· to lower 20 (d=∼17 ï'·), after saturation with ethylene glycol in the sample which was previously pretreated to remove carbonate minerals using hydrochloric acid ( Figure 7) . The above mentioned mineralogical composition was con- firmed by the results of the thermal study of the samples examined after heating up to 1200°C, at a rate of 10°C/min. Specifically, from the TG and DTG curves of the "COR1" representative sample (Figure 8 , Figure 9 ), we conclude that:
• at the temperature of 500°C, the rapid weight loss (4.32) is supported by the steep slope of the TG curve and a characteristic peak on the DTG curve. This is attributed to the dehydroxylation of the kaolinite, (due to the loss of OH groups, surrounding the A1 V I atoms) and the progressive transformation from the octahedral coordinated Al, in kaolinite, to a tetrahedral coordinated form, in metakaolinite, through the breaking of OH bonds [50] ;
• between 600°C and 920°C, the percentage of carbonates was estimated at 71%, which is attributed to the CO 2 emission, according to the chemical reaction:
After titration with HCl, the carbonate concentration was measured at 70%. The same procedure was followed for all the samples from the Peloponnesus region ("COR" corresponds to Corinth areas while "ACH" to the ones from Achaia) and the mineralogical composition of the rocks derived from the respective XRD patterns, is shown in Table 3 . "KIM2" ∼20 ∼30 ∼50
Peloponnesus "ACH2" ∼20 ∼43 ∼37
Semiquantitative analysis
X-ray diffraction is often used to semi-quantitatively determine the weight fraction of constituents. By comparing the integrated intensities of the diffraction peaks from each of the known phases, their fraction was identified (Table 4) . From the results presented in Table 4 , it was found that Euboea areas present as high percentages of carbonate minerals, as these from Peloponnesus region; However, the samples extracted from Achaia region, present smaller percentage of carbonate minerals, but the higher percentage of quartz and feldspars.
Physical characteristics
The grain size distribution of the marl formations was determined on oven dried samples using sieve and hydrometer analysis. The sand content (>60 μm) is 45.0 -83.0% for the sediments taken from Euboea region, while those taken from Peloponnesus region had a 7.0 -66.0% percentage content of sand ( Figure 10 ). The clay-sized fraction, is much higher than the true clay content determined by the mineralogical analysis and can be attributed to the presence of micritic material (< 4 μm), consisting mainly of calcite, as it was detected in photos of O.M. This feature has also been noted in other limey marls with low values of clay-sized fraction [7, 51] . From the determined Atterberg limits, the marls can be classified into two main categories according to the USCS; as low plasticity formations (CL), and intermediate plasticity formations (CI), respectively ( Figure 11 ). Figure 12 shows the Activity chart [48] , according to which the studied samples are classified as inactive (activity of 0.3-0.65) if the clay-sized fraction is considered, whereas, they have normal activity (0.75-1.25), when the true clay mineral content is used. As it is known low activity brings about inference friction, which is mainly responsible for strength values.
Engineering properties
Durability
The durability of rocks can be described as their resistance to breakdown by weathering conditions over time.
Slaking is defined as the swelling of rocks containing clay minerals when in contact with water [1] . The slake durability index measures the durability and provides quantitative information (Id 2 ) on the mechanical behaviour of rocks according to the amount of clay and other secondary minerals produced in them, due to exposure to climatic conditions [52] .
Franklin and Chandra, 1972 [1] , reported that the results of slake durability tests are susceptible to the porosity and permeability of the rocks tested, nature of the testing fluid, resistance of rocks against swelling and disintegration, the shape of sample pieces placed in the testing drum, properties of testing equipment, conditions of sample storing and the number of wetting-drying circles. In this study great efforts were made to ensure that the test was conducted using the same procedures ( Table 5 ).
The slaking test was run for 3 cycles and the slake durability index vs. the number of slaking cycles for the rock samples from both Euboea and Peloponnesus regions, are plotted in Figure 13 and Figure 14 
Strength of the investigated rocks
The Point load test was used due to its testing simplicity and as an indirect measure of the compressive strength. The test was carried out on the irregular lumps, repeated at least six times for each rock type, and then the average value was recorded as the point load strength. Brook (1980) [46] showed that the compressive strength is 12.5 times Is, which is reasonably close to the experimental observation for the studied rocks. Therefore, the uniaxial compressive strength was indirectly estimated by the use of point load index (σ c =12.51s ( 50 )).
The results of the compressive strength are given in Table 6 . The values range from 1.0 MPa for the clayey marls from Achaia areas in Peloponnesus, to as high as 46.5 MPa for Kimi's calcitic marls in Euboea region. The majority of the mean unconfined compression strength values reveal the soft rock nature of the study formations.
Discussion
The geotechnical behaviour of rock materials and especially those belonging to hard soils -soft rocks, is largely affected by their mineralogical properties [53] . However, in addition to the mineralogical composition, other factors controlling the engineering properties of these rocks are the particle-size distribution, the non-clay mineral composition, organic material, the geologic history etc. Therefore, it is not possible to evaluate the geotechnical behaviour of these rocks purely on the basis of their mineralogical composition. In very cohesive soils, the clay mineral composition is likely to be the most important controlling factor for many properties and its knowledge may thus provide an understanding for empirical test data, which will simplify problems, associated with classification and characterization and will certainly prevent construction failures.
Marls have developed a structure, which involves significant linkage or bonding between individual particles. As a result, the geotechnical properties are not only controlled by the initial void ratio and the stress history as in the case of typical sedimentary clays. Bonding in marls provides a significant contribution to their stiffness and strength and at the same time, it has gradually faded the material's memory of the initial void ratio and its previous stress history [7] .
The particle size distribution of clayey formations is re- lated to the perfection of crystallity of the clay mineral components, with the smaller particles being less well ordered. In "KIM4", "COR1", "COR2" formations, the higher Liquid limit values are to be explained by the presence of smaller particles and also because these types of formations appear less well ordered. In these formations progressive failure may be observed concerning slope stability. The effect of the environmental conditions on the slope produces progressive degradation, forming deep corrugations on the surface making the slope unstable. "KIM1", "KIM3" samples are calcareous marls with substantial organic contents, showing reduction in Liquid limit values followed by drying. Such behaviour has been investigated by Lambe and Martin (1953) [54] , for a variety of soils, including calcareous marls. Although the presence of montmorillonite in some of the tested samples would lead to increasing the PI values, the presence of illite serves to reduce the index greatly, as found at samples "AGA1" and "KIM1". However, correlations between the plasticity index PI and the strength values, implies that increased values of unconfined compressive strength are present with low values of PI (Figure 15) . It is important to note that the above correlation turns out to be better when PI values are discriminated into groups of low (LL<35%) and intermediate plasticity (LL>35%) materials ( Figure 16 , Figure 17 ). It is important to highlight that repeated wetting and moderate drying frequently tend to increase the plastic properties if clay material is present. This seems to be particularly true for clayey formations with illite, chlorite and kaolinite, as it happens for the most of the studied samples. The explanation seems to be that repeated intrusion of water between the particles followed by subsequent partial removal, tends to weaken the bond between the particles and the effective particle size is thereby reduced.
In addition, such treatment may assist the cation exchange capacity of the clay material, which also influences the plastic properties. As far as the geotechnical properties such as the durability and the compressive strength are concerned, the fairly good correlation between main accessory minerals and slake durability index (Id 2 ) or Unconfined Compression Strength, is probably due to the presence of non-clay minerals, such as Carbonate minerals ( Figure 18 and Figure 19 ) which form the skeleton of the marly formations.
Mielenz and King (1955) [55] have shown that the introduction of small proportions of clay minerals to sandy or silty formations increases the compression strength greatly and that the maximum strength of such mixtures may exceed the strength of either the sand, silt or the clay alone. They have also shown that montmorillonite, which yields lower strength than kaolinite when not mixed with sand, yields higher strength than kaolinite when mixed with sand. Strength determinations of the pure clay minerals, therefore, have little significance. Consequently, it can be generally said that the unconfined compression strength of the study marly formation mainly depends on the non-clay mineral composition, particlesize distribution, shape of the particles and the arrangement of the particles with respect to each other. However, the controlling factor for this property is more likely to be the previous stress history (geologic history), than the foregoing factors of composition. Comparing "KIM4" and "AGA2", it was found that although the two samples are characterized of medium durability, there is a significant difference in strength values. This is attributed to the absence of clay-minerals in the "AGA2" sample and the relative increased portion of carbonate minerals.
Conclusions
Studying the mineralogical composition and the geotechnical properties of the sampled marls from Euboea and Peloponnesus regions, it can be concluded that:
In the Euboea region, the mineralogy of the Kimi sam-ples is dominated by the presence of carbonate mineral. Quartz, feldspars and clay minerals are also present. As for the bulk samples taken from the two study areas in St. Anna, the principal mineral phases are carbonics, while quartz, feldspars and montmorillonite have also been identified.
In the Peloponnesus region, the mineralogy of the Korinthos samples is dominated by the presence of carbonate minerals and a small percentage of quartz, feldspars, kaolinite, illite and montmorillonite. Achaia samples present lower percentages in carbonate minerals and chlorite, instead of montmorillonite.
There is a strong correlation of the physical characteristics, the structure, and mineralogical composition with the Slake Durability and strength values. The LL values increase with the reduced carbonate content, indicating the influence of the secondary minerals that contribute to the LL value.
The presence of carbonate minerals in high percentages is found to have influenced the slake durability as well as the unconfined compressive strength of the weak rocks studied, which were significantly increased. It seems that the carbonate content of the studied rocks influences the strength and plasticity parameters greater than the durability index, while a decrease in clay content has resulted in higher strength and durability values.
Finally, samples characterized by a higher strength have a higher durability index, showing their higher resistance to repeated wet and drying cycles and weathering processes.
